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Abstract 


The  aminotransferases  involved  in  the  final  step  of  methionine  recycling  from 
methylthioadenosine  have  been  examined  in  the  gram-positive  bacterium  Bacillus  subtilis. 
Homogenates  of  this  bacterium  were  able  to  convert  ketomethiobutyrate  to  methionine, 
utilising  leucine,  isoleucine,  valine,  phenylalanine,  tyrosine,  and  alanine  as  preferred  amino 
donors.  Unlike  other  organisms  examined  to  date  in  this  context,  B.  subtilis  was  found  to 
contain  no  aspartate  aminotransferase  or  tyrosine  aminotransferase  sequences  with  structural 
homology  to  subfamily  la  aminotransferases.  Instead,  in  B.  subtilis,  the  six  putative 
homologues  of  aspartate  aminotransferase  were  found  to  be  members  of  the  If  subfamily. 
Five  of  these  six  sequences  were  cloned  and  expressed,  with  only  the  ykrV  gene  product 
capable  of  producing  methionine  from  ketomethiobutyrate.  However,  this  enzyme  only 
catalysed  the  reaction  using  glutamine  as  an  amino  donor.  Two  putative  branched-chain 
amino  acid  aminotransferases  from  family  III  were  also  cloned  and  expressed,  and  both  were 
found  to  produce  methionine  from  ketomethiobutyrate  using  branched-chain  and  aromatic 
amino  acids.  Of  these  two  enzymes,  the  ybgE  gene  product  was  the  most  active  and  had 
kinetic  constants  consistent  with  it  being  the  enzyme  responsible  for  the  majority  of 
methionine  regeneration  in  this  organism.  The  ybgE  gene  product  could  be  inhibited 
uncompetitively  by  the  aminooxy  compound  canaline,  with  a  Ki  of  48  pM.  In  addition, 
canaline  inhibited  the  in  vitro  growth  of  B.  subtilis  in  minimal  medium  with  an  IC5o  of  37  pM 
and  an  MIC  of  500  pM.  Growth  inhibition  in  nutrient  broth  was  negligible. 


Resume 


Les  transaminases  presentes  dans  la  phase  finale  du  recyclage  de  la  methionine  a  partir  de  la 
methylthioadenosine  ont  ete  examinees  dans  la  bacterie  gram  positive  Bacillus  subtilis.  Les 
homogenats  de  cette  bacterie  ont  ete  capables  de  transformer  le  ketomethiobutyrate  en 
methionine,  en  utilisant,  de  preference,  la  leucine,  1’ isoleucine,  la  valine,  la  phenylalanine,  la 
tyrosine,  et  F  alanine  comme  donneurs  amines.  A  la  difference  des  autres  organismes  qui  ont 
ete  examines  dans  ce  contexte  jusqu’a  present,  on  a  trouve  que  le  B.  subtilis  ne  contenait  pas 
de  sequences  de  transaminases  d’ aspartate  ou  de  transaminases  de  tyrosine  ayant  une 
homologie  structurelle  avec  la  sous-famille  de  transaminases  la.  A  la  place,  on  a  trouve  que 
dans  le  B.  subtilis,  les  six  homologues  putatifs  de  transaminases  d’ aspartate  etaient  membres 
de  la  sous-famille  If.  Cinq  de  ces  six  sequences  ont  ete  donees  et  exprimees  et  seul  le  produit 
genetique  ykrV  a  ete  capable  de  produire  de  la  methionine  a  partir  de  ketomethiobutyrate.  Cet 
enzyme  n’a  cependant  catalyse  que  la  reaction  utilisant  la  glutamine  comme  donneur  amine. 
Les  deux  transaminases  d’aminoacides  de  chatne  ramifiee  appartenant  a  la  famille  III  ont 
aussi  ete  donees  et  exprimees  et  on  a  trouve  qu’elles  etaient  toutes  les  deux  capables  de 
produire  de  la  methionine  a  partir  de  ketomethiobutyrate,  en  utilisant  les  aminoacides 
aromatiques  et  de  chaine  ramifiee.  Le  produit  genetique  ybgE  etait  le  plus  actif  de  ces  deux 
enzymes  et  possedait  des  constantes  cinetiques  qui  correspondaient  au  fait  qu’il  est  l’enzyme 
causant  la  majorite  de  la  regeneration  de  la  methionine,  dans  cet  organisme.  Le  produit 
genetique  ybgE  a  pu  etre  inhibe  sans  concurrence  par  le  compose  aminooxy  canaline  avec  une 
Ki  de  48  pM.  De  plus,  la  canaline  a  inhibe  la  croissance  in  vitro  de  la  bacterie  B.  subtilis  dans 
un  milieu  minimum  avec  une  CI50  de  37  pM  et  une  CMI  de  500  pM.  L’ inhibition  de  la 
croissance  dans  le  bouillon  nutritif  etait  negligeable. 
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Executive  summary 


In  order  to  synthesize  the  polyamines  required  to  complete  cell  replication,  most  organisms 
have  a  unique  pathway  for  recycling  the  amino  acid  methionine,  which  is  consumed  during 
polyamine  biosynthesis.  The  final  step  of  this  pathway  is  the  conversion  of 
ketomethiobutyrate  to  methionine  by  an  aminotransferase.  In  previous  studies,  inhibitors 
active  against  the  enzymes  that  catalyse  this  reaction  have  been  demonstrated  as  potent 
antimalarials  in  vitro.  As  there  is  a  constant  requirement  for  novel  antimicrobials  against 
biological  warfare  agents,  a  similar  approach  has  been  undertaken  in  Bacillus  subtilis  as  a 
model  for  B.  anthracis.  Unlike  other  organisms  examined  to  date,  which  utilise 
aminotransferases  of  the  la  subfamily  to  catalyse  methionine  regeneration,  B.  subtilis  was 
found  to  contain  no  gene  sequences  with  homology  to  the  la  subfamily.  The  nearest 
homologues  were  all  found  to  be  members  of  the  If  subfamily.  Five  of  these  putative 
aspartate  aminotransferase  homologues  were  cloned,  expressed,  and  examined  for  activity. 
Only  one,  the  ykrV  gene  product,  was  found  to  catalyse  methionine  regeneration.  However, 
this  enzyme  only  did  so  using  glutamine  as  an  amino  donor  for  the  reaction.  B.  subtilis 
cellular  homogenates,  conversely,  were  found  to  use  leucine,  isoleucine,  valine, 
phenylalanine, and  tyrosine  as  amino  donors.  Therefore,  two  putative  branched-chain  amino 
acid  aminotransferases  were  identified,  cloned,  expressed,  and  characterised  from  B.  subtilis. 
Both  of  these  enzymes,  which  are  members  of  the  aminotransferase  family  III,  were  found  to 
catalyse  methionine  regeneration  with  an  amino  donor  preference  reminiscent  of  the  cellular 
homogenates.  Of  these  two  enzymes,  the  ybgE  gene  product  was  the  most  active,  and 
represents  the  catalyst  of  the  majority  of  methionine  regeneration  in  the  organism.  The  ybgE 
gene  product  was  effectively  inhibited  by  the  aminooxy  compound  canaline.  This  compound 
was  also  found  to  be  a  potent  inhibitor  of  B.  subtilis  growth  in  vitro  in  minimal  medium,  but 
not  in  nutrient  broth.  Therefore,  the  enzyme  responsible  for  methionine  regeneration  has  been 
identified  in  B.  subtilis,  and  it  has  been  demonstrated  as  a  suitable  target  for  therapeutic 
intervention. 
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Sommaire 


Afin  de  synthetiser  les  polyamines  requises  pour  completer  la  duplication  de  cellules,  la 
plupart  des  organismes  utilisent  un  chemin  unique  pour  recycler  les  aminoacides  de 
methionine  qui  sont  consommes  durant  la  biosynthese  des  polyamines.  La  phase  finale  de  ce 
chemin  consiste  en  la  conversion  du  ketomethiobutyrate  en  methionine,  par  une  transaminase. 
Les  etudes  precedentes  ont  montre  que  les  inhibiteurs  actifs  contre  les  enzymes  qui  catalysent 
cette  reaction  sont  des  antipaludiques  in  vitro  puissants.  Puisque  de  nouveaux  antimicrobiens 
contre  les  agents  de  guerre  biologiques  sont  constamment  en  demande,  on  a  entrepris  une 
demarche  semblable  pour  le  B.  subtilis  comme  modele  pour  le  B.  anthracis.  A  la  difference 
des  autres  organismes  qui  ont  ete  examines  jusqu’a  present  et  qui  utilisent  les  transaminases 
de  la  sous-famille  la  pour  catalyser  la  regeneration  de  methionine,  on  a  trouve  que  le  B. 
subtilis  ne  contenait  pas  de  sequence  de  genes  ayant  une  homologie  avec  la  sous-famille  la. 

On  a  trouve  que  les  homologues  les  plus  proches  appartenaient  tous  a  la  sous-famille  If.  Cinq 
de  ces  homologues  putatifs  de  transaminases  d’aspartate  ont  ete  clones,  exprimes  et  leur 
activite  a  ete  etudiee.  On  a  trouve  qu’un  seul,  le  produit  genetique  ykrV,  catalysait  la 
regeneration  de  methionine  et  que  cet  enzyme  ne  parvenait  cependant  a  provoquer  la  reaction 
qu’en  utilisant  la  glutamine  comme  donneur  amine.  Par  contre,  on  a  trouve  que  les 
homogenats  cellulaires  de  B.  subtilis  utilisaient  la  leucine,  l’isoleucine,  la  valine,  la 
phenylalanine  et  la  tyrosine  comme  donneurs  amines.  Par  consequent,  deux  transaminases 
aminoacides  putatives  de  chaine  ramifiee  ont  ete  identifies,  donees,  exprimees  et 
caracterisees  a  partir  du  B.  subtilis.  On  a  trouve  que  ces  deux  enzymes  qui  sont  membres  de  la 
famille  transaminase  III  catalysent  la  regeneration  de  methionine  avec  une  preference  pour  les 
donneurs  amines  qui  rappellent  les  homogenats  cellulaires.  Le  produit  genetique  ybgE  etait  le 
plus  actif  des  deux  enzymes  et  le  catalyseur  de  la  majorite  de  la  regeneration  de  methionine, 
dans  l’organisme.  Le  produit  genetique  ybgE  a  ete  inhibe  efficacement  par  le  compose 
aminooxy  canaline.  On  a  aussi  trouve  qu’il  etait  un  inhibiteur  puissant  de  la  croissance  in 
vitro  du  B.  subtilis  dans  un  milieu  minimum  mais  que  ce  n’etait  pas  le  cas  dans  un  bouillon 
nutritif.  En  conclusion,  on  a  determine  l’enzyme  causant  la  regeneration  de  methionine  dans 
le  B.  subtilis  et  montre  qu’il  est  une  cible  apte  a  1’ intervention  therapeutique. 


Berger,  B.  J.,  and  Knodel,  M.  H.  2002.  Characterisation  of  potential  antimicrobial  targets 
in  Bacillus  spp.  I.  Aminotransferases  and  methionine  regeneration  in  Bacillus  subtilis. 
TR2002-048.  Defence  R&D  Canada  -  Suffield. 


IV 


DRDC  Suffield  TR  2002-048 


Table  of  contents 


Abstract . i 

Resume . 1 

Executive  summary . iii 

Sommaire . iv 

Table  of  contents . v 

List  of  figures . vii 

List  of  tables . vii 

Introduction . 1 

Materials  and  Methods . 4 

Cells  and  Reagents . 4 

Subcellular  Homogenates . 4 

Enzyme  Assays . 4 

Cloning  and  Functional  Expression . 5 

Phylogenetic  Analysis . 6 

Results . 7 

Methionine  Regeneration  in  B.  subtilis  Homogenates . 7 

B.  subtilis  AspATs  are  Members  of  the  Aminotransferase  If  Subfamily . 7 

Characterisation  of  the  Putative  B.  subtilis  AspATs . 1 1 

Characterisation  of  the  Putative  B.  subtilis  BCATs . 14 

Inhibition  of  the  ybgE  Gene  Product  with  Canaline . 18 


DRDC  Suffield  TR  2002-048 


V 


Discussion 


20 


References . 24 

List  of  symbols/abbreviations/acronyms/initialisms . 28 

Vi  DRDC  Suffield  TR  2002-048 


List  of  figures 


Figure  1.  The  Met  regeneration  pathway . 2 

Figure  2.  The  amino  donor  range  for  Met  regeneration  in  B.  subtilis . 7 

Figure  3.  Family  I  aminotransferases . 8 

Figure  4.  The  If  subfamily  of  aminotransferases . 9 

Figure  5.  Alignment  of  the  putative  B.  subtilis  AspATs . 1 1 

Figure  6.  Purification  of  recombinant  B.  subtilis  AspATs . 12 

Figure  7.  Family  III  aminotransferases . 14 

Figure  8.  Alignment  of  the  putative  B.  subtilis  BCATs . 15 

Figure  9.  Purification  of  B.  subtilis  BCATs . 16 

Figure  10.  Inhibition  of  the  ybgE  gene  product  by  canaline . 17 

Figure  1 1.  In  vitro  inhibition  of  B.  subtilis  growth  by  canaline . 18 

List  of  tables 

Table  1.  Oligonucleotide  primers  used  for  amplification  of  the  genes  in  this  study . 21 

Table  2.  Kinetic  characterisation  of  the  Bacillus  subtilis  branched-chain  aminotransferases. ..22 


DRDC  Suffield  TR  2002-048  vii 


This  page  intentionally  left  blank. 


viii 


DR  DC  Suffield  TR  2002-048 


Introduction 


Methionine  (Met)  is  a  key  amino  acid  required  for  protein  synthesis,  biological  methylation, 
and  polyamine  biosynthesis.  This  latter  function  is  particularly  important  in  rapidly  growing 
cells,  such  as  cancer  cells  and  most  bacteria  and  parasites,  which  must  continually  synthesize 
polyamines  in  order  to  replicate  their  DNA  [1],  The  de  novo  production  of  Met  is 
energetically  expensive  and  requires  aspartate,  ATP,  NADPH,  succinyl  coA,  cysteine  or  H2S, 
and  5-methyltetrahydrofolate.  In  addition,  many  organisms  lack  the  ability  to  make  Met  and 
rely  on  exogenous  sources.  For  these  reasons.  Met  bioavailability  is  limiting  and  tightly 
controlled.  Almost  all  organisms  examined  to  date,  including  those  that  can  synthesize  Met, 
have  recycling  pathways  that  can  regenerate  the  amino  acid  from  metabolic  by-products. 

In  the  production  of  spermidine  from  putrescine  or  spermine  from  spermidine,  Met  is 
consumed  (in  the  form  of  decarboxylated  S-adenosylmethionine)  in  a  one-to-one 
stoichiometry  (see  Figure  1).  The  end-product  of  this  reaction  is  methylthioadenosine,  which 
can  be  recycled  to  adenine  and  Met  via  a  unique  pathway  which  has  been  found  in  organisms 
ranging  from  bacteria  to  mammals  (Figure  1)  [2-6].  Studies  in  cancer  cells,  bacteria,  malaria, 
and  trypanosomes  have  demonstrated  that  interference  with  this  Met  regeneration  pathway 
leads  to  the  death  of  rapidly  growing  cell  types.  In  these  studies,  the  target  enzyme  was 
methylthioadenosine  phosphorylase  or  methylthioadenosine  nucleosidase,  which  represents 
the  first  step  in  the  bioconversion  to  Met  [2,7-9], 

This  laboratory  has  been  involved  for  some  time  in  the  investigation  of  the  final  step  of  the 
Met  regeneration  pathway,  where  ketomethiobutyrate  (KMTB)  is  converted  to  Met  via  an 
aminotransferase.  The  exact  enzyme  catalyzing  this  final  step  has  been  examined  in  a  number 
of  organisms,  including  Trypanosoma  brucei  brucei,  Crithidia  fasciculata,  Giardia 
intestinalis,  and  Plasmodium  falciparum  [10,11],  In  these  organisms,  aspartate 
aminotransferase  (AspAT)  was  found  to  be  the  enzyme  responsible.  In  vitro  growth 
inhibition  studies  have  also  shown  that  inhibitors  of  the  parasite  AspAT  have  a  cytocidal 
effect  on  the  cells.  In  the  case  of  P.  falciparum,  inhibitors  were  uncovered  which  had  an  IC50 
in  the  200-500  nM  range  [12],  In  studies  on  the  gram-negative  bacterium  Klebsiella 
pneumoniae,  tyrosine  aminotransferase  (TyrAT)  was  found  to  catalyse  the  reaction  [13],  Both 
the  parasite  AspATs  and  the  bacterial  TyrAT  were  found  to  be  members  of  the  same 
subfamily  of  aminotransferases  (subfamily  la;  Figure  2).  This  subfamily  consists  of 
eukaryotic  AspATs,  gram-negative  bacterial  AspATs,  and  bacterial  TyrATs,  and  its 
constituents  tend  to  have  fairly  broad  substrate  specificities  [14], 

During  these  previous  studies  it  became  clear,  using  aminotransferase  sequences  available 
from  completed  genome  projects,  that  gram-positive  bacteria  and  archaeabacteria  have  no 
members  of  the  aminotransferase  la  subfamily  (see  below).  The  few  AspATs  that  have  been 
characterised  in  these  organisms,  such  as  one  from  Bacillus  subtilis  [15]  and  one  from 
Sulfolobus  solfataricus  [16],  are  members  of  the  If  subfamily.  As  it  is  non-pathogenic,  easy  to 
manipulate,  and  has  had  its  entire  genome  sequenced,  B.  subtilis  acts  as  a  convenient 
metabolic  model  for  the  initial  stages  of  biochemical  questions  relating  to  B.  anthracis. 
Conclusions  drawn  from  studies  in  B.  subtilis  are  then  easily  confirmed  in  more  focussed 
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Figure  1.  The  Met  regeneration  pathway.  The  labelled  enzymes  are:  1,  S-adenosylmethionine 
synthetase;  2,  S-adenosylmethionine  decarboxylase;  3,  spermidine/spermine  synthetase;  4, 
methylthioadenosine  phosphorylase;  4a,  methylthioadenosine  nucleosidase;  4b,  methylthioribose  kinase; 
5,  unidentified  isomerase;  6,  unidentified  dehydratase;  7,  E-1  bifunctional  enolase-phosphatase;  8, 
nonenzymatic  or  via  E-3  dioxygenase;  8a,  E-2  dioxygenase;  9,  various  aminotransferases. 
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examinations  of  B.  anthracis.  In  this  study,  we  have  determined  the  phylogenic  relationship 
of  the  AspATs  from  B  subtilis  168,  and  have  cloned,  functionally  expressed,  and  characterised 
these  enzymes  in  regards  to  Met  regeneration.  In  addition,  based  on  the  amino  acid 
preference  shown  by  bacterial  homogenates  in  catalyzing  the  conversion  of  KMTB  to  Met,  we 
have  also  cloned,  expressed,  and  characterised  selected  members  of  the  family  III  of 
aminotransferases.  It  was  discovered  that  the  final  step  of  Met  recycling  in  B,  subtilis  was 
catalysed  by  one  branched-chain  amino  acid  aminotransferase  (BCAT).  The  effect  of  a 
prototypic  inhibitor  on  this  enzyme  was  also  investigated. 


Materials  and  Methods 


Cells  and  Reagents 

Bacillus  subtilis  168  (ATCC  23857)  was  obtained  from  the  American  Type  Culture  Collection 
(Manassas,  VA,  USA),  and  was  routinely  cultured  in  Nutrient  Broth  at  30°C  with  agitation  at 
250  rpm.  For  selected  experiments,  the  cells  were  grown  in  a  liquid  minimal  medium 
consisting  of  0.5%  w/v  glucose/57  mM  K2SO4/3IO  mM  K2P(V220  mM  KH2PCyi7  mM 
sodium  citrate/4  mM  MgSCyi.2  mM  tryptophan/68.4  mM  glutamine/74  |a.M  FeCl3/5.9  (J.M 
MnS(V187  |aM  CaCl2/62  pM  ZnCl2/13  pM  CuC12/13  pM  CoC12/12  pM  Na2Mo04  [17], 

Subcellular  Homogenates 

Cells  in  late-log  or  stationary  phase  were  harvested  by  centrifugation  at  3500  x  g  for  20  min 
and  4°C.  The  cell  pellets  were  resuspended  in  a  minimal  volume  of  25  mM  PO4  pH  7.8/120 
mM  KC1/2.5  mM  KG/1.0  mM  DTT/0.2  mM  pyridoxal  phosphate/protease  inhibitors 
(Complete  Tablets;  Roche  Biomedical;  Laval,  QB,  Canada),  lysozyme  added  to  0.3%  final 
w/v,  and  then  incubated  on  ice  for  60  min.  The  samples  were  then  sonicated  on  ice  and 
dialysed  against  10  mM  HEPES  pH  7.4/1.0  mM  EDTA/1 .0  mM  DTT  at  4°C.  After  dialysis, 
the  samples  were  briefly  resonicated  on  ice,  and  stored  at  4°C  for  enzyme  assays.  For  long 
term  storage,  glycerol  was  added  to  20%  final  v/v  and  the  samples  kept  at  -20°C. 

The  Met  regeneration  activity  in  the  B.  subtilis  homogenate  was  semipurified  by  ion-exchange 
chromatography  over  a  2.6  x  12.5  cm  DEAE-Sepharose  FF  column  (Amersham  Pharmacia; 
Baie  d’Urfe,  QB,  Canada).  The  column  was  equilibrated  with  10  mM  HEPES  pH  7.4/1 .0  mM 
EDT A/1.0  mM  DTT  and  was  eluted  with  a  linear  gradient  of  0  -  3  M  KC1  in  equilibration 
buffer.  The  active  fractions  were  pooled  and  dialysed  against  10  mM  NaP04  buffer  pH 
7.4/1. 0  mM  EDT  A/1.0  mM  DTT  at  4°C,  and  then  loaded  onto  a  1.6  x  9.5  cm  hydroxylapaptite 
column  (E.  Merck;  Darmstadt,  Germany).  The  column  was  equilibrated  with  10  mM  P04  pH 
7. 1/1.0  mM  DTT  and  was  eluted  with  a  linear  gradient  to  500  mM  P04  pH  7. 1/1.0  mM  DTT. 
The  active  fractions  were  pooled  and  dialysed  against  10  mM  HEPES  pH  7.4/1. 0  mM 
EDTA/1.0  mM  DTT,  and  then  loaded  onto  a  0.5  x  5  cm  MonoQ  column  (Amersham 
Pharmacia).  The  column  was  equilibrated  and  eluted  as  described  for  the  DEAE  column. 

The  active  fractions  were  pooled  and  concentrated  using  a  30  KDal  molecular  weight  cut-off 
filter.  Throughout  purification,  the  columns  were  kept  at  4°C,  and  column  fractions  were 
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assayed  for  tyrosine: KMTB  aminotransfer  using  a  modified  Diamondstone  assay  as 
previously  described  [10]. 

Enzyme  Assays 

Aminotransferase  activities  were  assayed  by  an  HPLC  method  [1 1].  Ten  pi  of  subcellular 
homogenate  or  a  variable  volume  of  recombinant  enzyme  was  added  to  100  pi  of  substrate 
mix  (100  mM  PO4/5O  pM  PLP/various  concentrations  of  amino  acid/various  concentration  of 
keto  acid)  and  incubated  for  30  min  at  37°C.  The  samples  were  then  stored  at  -20°C  until 
analysis  by  HPLC  as  described  below.  AspAT  activity  was  assayed  using  2.0  mM  aspartate 
/ 1 .0  mM  KG  in  the  substrate  mix.  while  BCAT  activity  was  assayed  using  2.0  mM  valine, 
isoleucine,  or  leucine/ 1 .0  mM  KG.  Met  regeneration  was  screened  using  2.0  mM 
ADEFGHIKLNQRSTWY/1.0  mM  KMTB  in  the  substrate  mix.  The  range  of  effective  amino 
donors  for  Met  formation  was  determined  by  using  2.0  mM  individual  amino  acid/1.0  mM 
KMTB  in  the  substrate  mix.  For  the  determination  of  Michaelis-Menton  constants,  the 
substrate  mixes  contained  0.1-10  mM  of  substrate  and  5  mM  or  10  mM  of  the  cosubstrate. 

The  inhibition  constant  for  canaline  was  determined  by  adding  0,  1.0,  5.0,  10,  50,  or  100  pM 
canaline  to  enzyme  incubations  containing  10  mM  KMTB  and  1.0,  2.5,  5.0,  or  10.0  mM 
leucine. 

All  samples  were  analysed  by  pre-column  derivatisation  and  reverse-phase  HPLC.  Ten  pi  of 
sample  was  mixed  with  50  pi  of  400  mM  borate  pH  10.5  and  then  with  10  pi  of  10  mg/ml  o- 
phthalaldehyde/12  pl/ml  mercaptopropionate/400  mM  borate  pH  10.5  prior  to  the  injection  of 
7.0  pi  onto  a  2.1  x  200  mm  ODS-AA  column  (Agilent;  Mississauga,  ON,  Canada).  The 
column  was  eluted  using  2.72  mg/ml  sodium  acetate  pH  7.2/0.018%  v/v  triethylamine/0.3% 
v/v  tetrahydrofuran  as  Buffer  A  and  2.72  mg/ml  sodium  acetate  pH  7.2/40%  v/v 
methanol/40%  v/v  acetontrile  as  Buffer  B  with  a  linear  gradient  of  0  -  17%  B  over  16  min 
followed  by  a  linear  gradient  of  17-100%  B  over  1  min  and  6.0  min  at  100%  B.  The  flow  rate 
was  0.45  ml/min  from  0-16  min  and  0.80  ml/min  from  17-30  min.  The  elution  of 
derivatised  amino  acids  was  monitored  at  33 1  nm.  All  separations  were  performed  on  an 
Agilent  1 100  HPLC  equipped  with  an  autosampler,  variable  wavelength  ultraviolet/visible 
spectrophotometric  detector,  and  Chemstation  operating  system. 

Cloning  and  Functional  Expression 

Genomic  DNA  was  isolated  from  B.  subtilis  168  by  digestion  with  0.3  %  w/v  lysozyme  for  1 
hr  on  ice,  followed  by  incubation  with  an  equal  volume  of  lOOmM  NaCl/10  mM  Tris-HCl  pH 
8.0/25  mM  EDTA/0.5%  w/v  sodium  dodecyl  sulfate/0.1  mg/ml  proteinase  K  at  37°C  for  1  hr 
with  occasional  mixing.  The  mixture  was  then  subjected  to  extraction  with  phenol  and 
chlorofornrisoamyl  alcohol  (24:1),  and  the  DNA  ethanol  precipitated. 

The  nucleotide  sequences  of  the  B.  subtilis  aminotransferases  were  obtained  from  the 
SubtiList  web  site  genolist.pasteur.fr/SubtiList/  [18]  and  used  to  design  oligonucleotide 
primers  for  each  enzyme  (Table  1).  The  5’  primers  contain  a  12  nucleotide  LIC  (ligation 
independent  cloning,  [19])  sequence  and  an  in-frame  start  codon,  while  the  3’ primers 
contained  a  13  nucleotide  LIC  sequence  and  an  in-frame  stop  codon.  The  target  sequences 
were  amplified  from  the  genomic  DNA  using  Taq  polymerase  (Promega;  Madison,  WI, 
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USA),  1 .5  mM  MgCL,  200  p.M  dNTP,  and  the  following  program:  1  cycle  of  95°C  for  1 .5 
min,  30  cycles  of  95°C  for  1  min/55°C  for  1  min/72°C  for  1  min,  and  1  cycle  of  72°C  for  10 
min.  The  amplified  target  sequence  was  excised  from  a  1  %  agarose  gel  and  the  DNA 
extracted  using  the  QiaexII  kit  (Qiagen;Mississauga,  ON,  Canada).  The  genes  were  then 
cloned  into  pCALnFLAG  using  the  LIC  procedure  outlined  by  Stratagene  (La  Jolla,  CA, 
USA),  and  then  transformed  into  E.  coli  XL  10  competent  cells  (Stratagene).  The  recombinant 
plasmid  was  purified  from  these  cells  using  the  QiaSpin  miniprep  kit  (Qiagen),  and  the 
presence  of  the  insert  confirmed  by  digestion  with  Ndel  and  SacI  and  electrophoresis  on  a  1% 
agarose  gel.  The  plasmid  from  positive  clones  was  transformed  into  E.  coli  BL21  DE3 
CodonPlus  R1L  cells  (Stratagene)  for  functional  expression. 

The  BL21  cells  containing  the  recombinant  plasmid  were  grown  in  LB  liquid  medium 
containing  50  pg/ml  ampicillin  and  50  pg/ml  chloramphenicol  at  37°C  and  250  rpm  until  the 
cell  density  reached  an  Agoonm  of  0.6  -  0.8.  The  culture  was  then  cooled  to  28°C  and  IPTG 
added  to  1 .0  mM  before  2-5  hr  of  continued  culture  at  28°C  and  250  rpm.  The  cells  were  then 
pelleted  by  centrifugation  at  3500  x  g  for  20  min  at  4°C,  and  resuspended  in  a  minimal 
volume  of  10  mM  mM  HEPES  pH  7.8/150  mM  NaCl/1.0  mM  DTT/1 .0  mM  imidazole/2.0 
mM  CaCL  before  storage  at  -20°C.  The  sample  was  thawed,  sonicated  on  ice,  and 
centrifuged  at  3500  x  g  for  20  min  at  4°C.  The  resulting  supernatant  was  loaded  onto  a  1.6  x 
8.0  cm  calmodulin-agarose  column  (Stratagene)  equilibrated  with  the  resuspension  buffer. 

The  column  was  eluted  with  10  mM  HEPES  pH  7. 8/1. 2  M  NaCl/1.0  DTT/3.0  EGTA.  The 
eluted  enzyme  was  concentrated  to  less  than  5.0  ml  using  a  30  Kda  molecular  weight  cut-off 
centrifugal  filter  (Pall  Filtron;  Mississauga,  ON,  Canada).  The  concentrated  enzyme  was  kept 
at  4°C  for  short  term  storage  and  at  -20°C  with  20%  v/v  glycerol  for  long  term  storage. 

Protein  concentration  was  determined  using  the  Bio-Rad  dye  (Mississauga,  ON,  Canada). 
Protein  samples  were  examined  by  electrophoresis  on  10%  SDS  polyacrylamide  gels  followed 
by  Coomassie  R250  staining. 

Phylogenetic  Analysis 

Aminotransferase  sequences  were  obtained  from  GenBank  and  were  aligned  using  the  Clustal 
algorithm  and  the  BLOSUM  sequence  substitution  table  in  the  ClustalX  program  [20]. 

Aligned  sequences  were  visualised  with  the  Bioedit  program  [21]. The  aligned  sequences  were 
then  used  with  the  ProtDist  component  of  Phylip  [22]  to  construct  a  distance  matrix  which 
was  the  basis  for  tree  construction  using  neighbor-joining  [23].  All  trees  were  visualised 
using  Treeview  [24]. 
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Results 


Methionine  Regeneration  in  B.  subtilis  Homogenates 

Subcellular  homogenates  of  B  subtilis  were  examined  for  the  range  of  effective  amino  donors 
for  the  transamination  of  KMTB  (Figure  2).  Alanine,  isoleucine,  leucine,  and  valine  were 
clearly  the  most  effective  amino  donors,  with  phenylalanine  and  tyrosine  also  able  to  act  as 
donors.  The  maximal  rate  of  activity  ranged  from  1 .20  -  1 .48  nmol/min  mg  protein  (for 
Ile:KMTB),  which  was  equivalent  to  that  seen  in  K.  pneumoniae  homogenates  (1.92 
nmol/min/mg  protein  forGlu:KMTB;  [13]). 

The  homogenate  was  fractionated  over  three  columns  to  partially  purify  the  Met  regeneration 
activity.  One  major  fraction  of  activity  was  discovered  which  eluted  at  300  mM  KC1  on  a 
DEAE  column,  280  mM  P04  on  hydroxylapatite,  and  390  mM  KCL  on  a  mono-Q  column. 
Analysis  of  the  amino  acid  donor  preference  for  Met  production  in  this  fraction  demonstrated 
that  alanine,  valine,  leucine,  and  isoleucine  were  the  most  effective  substrates  (Figure  2). 
Glutamate,  phenylalanine,  glutamine,  and  tyrosine  were  also  able  to  act  as  amino  donors  at  a 
lower  rate. 

B.  subtilis  AspATs  are  Members  of  the  Aminotransferase  If 
Subfamily 

Previous  research  into  the  final  step  of  Met  recycling  in  the  lower  eukaryotes  C.  fasciculate, 

T.  brucei  brucei,  G.  intestinalis,  and  P.  falciparum,  and  the  gram-negative  bacterium  K. 
pneumoniae  has  demonstrated  that  the  reaction  in  these  organisms  is  catalysed  by  AspATs 
and  TyrAT  that  belong  to  the  la  subfamily  of  the  enzymes  [11,13].  However,  tree 
construction  of  the  complete  aminotransferase  I  family  clearly  showed  that  gram-positive 
bacteria  and  archaeabacteria  had  no  enzymes  in  the  la  subfamily  [13].  The  previously 
assembled  phylogenies  have  suggested  that  gram-positive  bacterial  AspATs  are  members  of 
the  aminotransferase  If  subfamily.  The  B.  subtilis  genome  has  six  open  reading  frames  (aspB, 
patA,  ykrV,  yugH,  ywfG,  yhdR)  with  significant  homology  to  AspATs  from  diverse 
organisms  [25].  One  of  these  putative  AspATs,  the  aspB  gene  product,  corresponds  to  an 
AspAT  which  had  been  previously  purified  and  characterised  from  cell  homogenates  [15]. 
Alignment  of  the  six  B.  subtilis  sequences  with  selected  members  of  the  aminotransferase  I 
family,  and  construction  of  a  phylogeny  via  neighbor-joining,  clearly  showed  that  the  B. 
subtilis  sequences  clustered  with  other  enzymes  of  the  If  subfamily  (Figure  3).  Therefore,  the 
putative  AspATs  in  B.  subtilis  are  all  members  of  the  If  subfamily. 

Sequence  alignment  and  tree  construction  of  all  the  existing  members  of  the  If  subfamily 
available  in  public  databases  showed  that  the  B.  subtilis  sequences  are  broadly  dispersed 
among  several  divisions  of  the  subfamily  (Figure  4).  The  yhdR  sequence  was  50%  identical 
to  the  B.  halodurans  BH2195  gene  product  and  had  a  low  identity  to  the  other  subfamily  If 
enzymes.  The  ykrV  and  ywfG  sequences  were  49%  identical  to  each  other,  and  had  a  60% 
and  48%  identity  to  the  B.  halodurans  BH1060  gene  product.  The  two  sequences  also  had  a 
respective  40%  and  37%  identity  to  the  Staphylococcus  aureus  SAV2560  gene  product.  The 
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Amino  Donor 


Figure  2.  The  amino  donor  range  for  Met  regeneration  in  B.  subtilis.  An  enzyme  source  was  mixed  with 
1.0  mM  KMTB,  2.0  mM  of  an  individual  amino  acid,  and  pyridoxal  phosphate  for  30  min  at  37°C  before 
analysis  of  Met  production  by  HPLC.  The  enzyme  sources  are:  (A)  B.  subtilis  homogenate,  (B) 
semi  purified  fraction  from  B.  subtilis  homogenate,  (C)  recombinant  ykrV  gene  product,  and  (D) 

recombinant  ybgE  gene  product. 
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Escherichia  c<>!i  AV  I  A 


Escherichia  coll  IlisPA'I 


Sclnzouiccharoimres  pombc  IfisPAT 


Ifaluhuc ten  tint  \p  Hisl'A' 


Sacduirontvccs  ccrevisiae  AlaAT 


Homo  sapiens  AlaAT 


Trypanosoma  cruzi  TyrAT 


Homo  sapiens  TyrAT 

Afus  musculus  KvnAT- 


Homo  sapiens  KvnAT” 


Pyrococcus  horikoshii  A  SAT 
Afethanococcus  jamoschii  AS  AT 

Archaeoglobus  fulgidis  AS  AT 


Plasmodium  falciparum  ASAT 


Trypanosoma  brucei  mASAT 

Gtardia  httestlnalls  cASAT 

Saccharomyces  cerevlsiae  cASAT 
Gall  ns  gallus  cASAT 
Afus  musculus  c  A  SAT 
Homo  sapiens  cASAT 
Arahidopsls  thaliana  mASAT 

Arabidopsls  thaliana  ASAT  1 

Callus  gall  us  mASAT 
■Afus  musculus  mASAT 
Homo  sapiens  mASA  T 

Trypanosoma  brucei  cASAT 
Crithid ia  fasciculata  cASAT 
Escherichia  coli  ASAT 


Klebsiella  pneumoniae  TyrAT  Escherichia  coli  TyrA  I 


Bacillus subtilis  yluIR 

Mycobacterium  tuberculosis  ASAT 

Syncchocystis  sp.  ASAT 
Bacillus  subtilis  vufO 
Bacillus  subtilis  vkrV 


Sulfolobus  solfatarlcus  ASAT 

Rhizoblum  meliloti  ASAT-A 


,SAT  f  „f 


Bacillus  subtilis  patA 
Bacillus  subtilis  yngl  I 
Streptomyces  griseus  ASAT' 
Bacillus  subtilis  aspB 


Rhizobium  meliloti  ASAT-B 


Figure  3.  Family  I  aminotransferases.  Selected  sequences  were  aligned  via  the  clustal  algorithm  and  utilised  for  tree 
construction  with  the  neighbor-joining  method.  The  B.  subtilis  sequences  are  in  red,  known  members  of 
amnotransferase  subfamily  la  in  blue,  lb  in  green,  le  in  purple,  If  in  black,  Ig  in  pink,  and  Ih  in  orange.  The  enzymes  are 
abbreviated:  ASAT,  aspartate  aminotransferase;  TyrAT,  tyrosine  aminotransferase;  AVTA,  alanine.valine 
aminotransferase;  HisPAT,  histidinol-phosphate  aminotransferase;  Ala  AT,  alanine  aminotransferase;  KynAT,  kynurenine 

aminotransferase 
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_ I - Rattus  norvegicus  KynAT  II 

_ j  * — Mus  musculus  KynAT  H 

' - Homo  sapiens  KynAT 

- Streptomyces  coelicolor  SCE68.04c  (Asp AT) 

-Sulfolobus  solfataricus  aspB-1  (AspAT) 

- Thermoplasma  acidophilum  Tall93  (AspAT) 

- Sulfolobus  solfataricus  AspB-4  (AspAT) 


Bacillus  circulans  AspAT 


£-C 


Thermoplasma  acidophilum  Tal078  (AspAT) 
Sulfolobus  solfataricus  AspB-3 

- Methanobacterium  thermoautotrophicum 

-Yersinia  pestis  YP00623  (AspAT)  MTH1694  (AspAT) 

- Synechocystis  sp.  aspC 

- Caenorhabditis  elegans  mKynAT 

-Caenorhabditis  elegans  cKynAT 


- Aedes  aegypti  KynAT 

- Rattus  norvegicus  KynAT  I 

- Schizosaccharomyces  pombe  KynAT 

'  Saccharomyces  cerevisiae  KynAT 

- Streptomyces  coelicolor  (AspAT) 

- Listeria  monocytogenes  (AspAT) 

—Bacillus  snbtilis  vhdR  (AspAT) 


-Bacillus  halodurans  BH2195  (AspAT) 


—Aeropyrum  pemix  APE0674  (AspAT) 

c-Rattus  norvegicus  TyrAT 

- P - Homo  sapiens  TyrAT 

'—Mustela  vison  TyrAT 


-Trypanosoma  cruzi  TyrAT 
-Trypanosoma  rangeli  TyrAT 
— Arabidopsis  thaliana  At2g20610  (TyrAT) 
— Arabidopsis  thaliana  Al2g24850  (TyrAT) 
-Arabidopsis  thaliana  At5g53970  (TyrAT) 


I - Mycobacterium  tuberculosis  aspC  (AspAT) 

'—Mycobacterium  leprae  aspC  (AspAT) 
-Streptomyces  coelicolor  SC2H4.04c  (AspAT) 

- Streptococcus  pyogenes  SPyl779  (AspAT) 

- - Lactococcus  lactis  aspC  (AspAT) 

I — Pyrococcus  horikoshii  PH1322  (AspAT) 

'—Pyrococcus  abysii  aspB  (AspAT) 

- Thermotoga  maritima  TM1698  (AspAT) 

-Clostridium  acetobutylicum  CAC1001  (AspAT) 


-Bacillus  sub  tilts  vkrV  (AspAT) 


—Bacillus  halodurans  BH1060  (AspAT) 

— Bacillus  subtilis  ywfG  (AspAT) 

- Staphylococcus  aureus  SAV2560  (AspAT) 

—M.  thermoautotrophicum  (AspAT) 


-Mycobacterium  tubercidosis  Rvl  178  (AspAT) 


—Mycobacterium  tuberculosis  aspB  (AspAT) 


—Halobacterium  sp.  aspC2  (AspAT) 

-Streptomyces  coelicolor  SC7H1. 1 1  (AspAT) 


—Thermoplasma  volcanium  TVN0848  (AspAT) 


h=E 


-Bacillus  subtilis  yngH  (AspAT) 


-Bacillus  halodurans  BH3350  (AspAT) 

- Archaeoglobus  fulgidis  AF1623  (AspAT) 

-Streptococcus  pneumoniae  aspC  (AspAT) 


- Bacillus  subtilis  pat  A  (AspAT) 

_i — Pyrococcus  horikoshii  PH1371  (AspAT) 
. Pyrococcus  abysii  aspC  (AspAT) 

| — Pyrococcus  horikoshii  (AspAT) 

1 - Pyrococcus  abysii  (AspAT) 

—Halobacterium  sp.  (AspAT) 


■Methanobacterium  thermoautotropnicum  (AspAT) 
-Bacillus  stearothermophilus  AspAT 
Bacillus  subtilis  aspC  AspAT 
— Bacillus  halodurans  aspC  (AspAT) 

- Streptococcus  pneumoniae  SP1544  (AspAT) 

- Streptococcus  pyogenes  aspC  (AspAT) 

| — Streptomyces  virginiae  AspAT 

* - Streptomyces  coelicolor  aspC  (AspAT) 

- Sinorhizobium  meliloti  aatB  (AspAT) 

-  Sinorhizobium  meliloti  aatA  (AspAT) 


- Synechocystis  sp.  aspC  (AspAT) 

-Clostridium  acetobutylicum  (AspAT) 
—Halobacterium  sp.  aspB2  (AspAT) 

— Archaeoglobus  fulgidis  aspB2  (AspAT) 
— Thermotoga  maritima  (AspAT) 

-Aeropyrum  pemix  (AspAT) 


-Sulfolobus  solfataricus  aspB2  (AspAT) 

-  Thermococcus  kodakarensis  AspAT 


- Archaeoglobus  fulgidis  aspBl  (AspAT) 

—Thermoplasma  volcanium  (AspAT) 


-Thermoplasma  acidophilum  (AspAT) 

- Methanococcus  jannaschii  aspB2  (AspAT) 


Figure  4.  The  If  subfamily  of  aminotransferases.  The  sequences  were  aligned  with  the  clustal  algorithm 
and  used  for  tree  construction  with  the  neighbor-joining  method.  The  putative  B.  subtilis  AspATs  are  in 

red. 
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yugH  sequence  was  53%  identical  to  the  B.  halodurans  BH3350  gene  product,  42%  to  the 
Archaeoglobus  fulgidis  AF1623  gene  product,  and  34%  to  the  B.  subtilis  pat  A  sequence.  This 
latter  sequence  was  45%  identical  to  the  Streptococcus  pneumoniae  AspC  gene  product. 
Finally,  the  B.  subtilis  aspB  sequence  was  73%  identical  to  the  B.  halodurans  aspC  gene 
product  and  79%  to  the  B.  stearothermophilus  aspC  gene  product.  It  is  interesting  to  note 
that,  aside  from  the  ykrV  and  ywfG  sequences,  the  putative  B.  subtilis  AspATs  bear  little 
resemblance  to  each  other  and  are  highly  divergent  within  subfamily  If. 

Characterisation  of  the  Putative  B.  subtilis  AspATs 

Alignment  of  the  six  B.  subtilis  sequences  with  selected  subfamily  If  enzymes  that  have  been 
fully  characterised  in  the  literature  highlighted  the  lack  of  sequence  conservation  within 
subfamily  If  (Figure  5).  In  the  alignment,  only  Y115,  G120,  Y181,  P238,  N240,  P241,  G243, 
D274,  Y277,  K31 1,  G317,  R401,  and  R463  are  conserved  across  the  twelve  enzymes.  Of 
these  residues,  G243(G197)’,  D274(D222),  K31 1(K258),  and  R463(R386)  are  reported  by 
Mehta  et  al.  to  be  conserved  across  all  four  aminotransferase  families  [26],  Residues 
Y1 15(Y70),  G120(G1 10),  N240(N194),  P241(P195),  Y277(Y225),  and  G317(G268)  are 
reported  by  Jensen  and  Gu  to  be  conserved  across  all  family  I  aminotransferases  [14], 
Therefore,  unlike  subfamily  la  aminotransferases,  the  subfamily  If  enzymes  do  not  present  a 
recogniseable  unique  sequence  motif. 

The  aspB,  patA,  yugH,  ykrV,  and  ywfG  genes  were  cloned  and  functionally  expressed  as 
calmodulin-binding  peptide  fusion  proteins.  Using  the  primer  sequences  listed  in  Table  1, 
which  exactly  match  the  sequence  determined  in  the  B.  subtilis  genome  project,  the  yhdR 
gene  could  not  be  amplified.  The  basis  for  this  lack  of  amplification  is  currently  being  further 
investigated.  The  five  recombinant  proteins  were  purified  by  affinity  chromatography  over  a 
calmodulin-agarose  column  (Figure  6),  where  all  except  the  yugH  gene  product  yielded  large 
amounts  of  soluble  enzyme.  In  the  case  of  yugH,  the  majority  of  the  expressed  protein  was 
recovered  as  insoluble  inclusion  bodies.  Never  the  less,  sufficient  soluble  yugH  fusion 
protein  was  recovered  to  allow  for  characterisation  of  activity. 

Each  of  the  putative  enzymes  was  screened  for  Met  regeneration  activity  using  a  mixture 
containing  1.0  mM  KMTB  as  amino  acceptor  and  2.0  mM  ADEFGHIKLNQRSTWY  as 
potential  amino  donors.  The  yugh,  ywfG,  patA,  and  aspB  gene  products  catalysed  little 
detectable  Met  regeneration  under  these  conditions.  Only  the  ykrV  gene  product  was  able  to 
produce  a  moderate  amount  of  Met  (approximately  40  nmol/min/mg  protein)  using  the 
mixture  of  amino  donors.  The  enzyme  was  rescreened  using  1.0  mM  KMTB  and  2.0  mM  of 
each  individual  amino  acid  as  amino  donor  (Figure  2).  The  enzyme  was  found  to  have  an 
almost  exclusive  preference  for  Gin  as  an  amino  donor  for  the  transamination  of  KMTB.  The 
enzyme  was  also  found  to  be  similarly  active  in  catalysing  Gln:KG  aminotransfer  (data  not 
shown).  In  this  regard,  the  ykrV  gene  product  has  the  characteristics  of  a  glutamine 
aminotransferase  (KynAT). 


*  By  the  convention  of  Mehta  et  al.  [26],  conserved  residues  are  also  labelled  in  parentheses  with  the 
corresponding  residue  number  from  pig  cytosolic  AspAT. 
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ykrV 
yhdR 
ywf  G 
yugH 
pat  A 

ftSpB 

Be  i 
Bat 
Tag 


- -MKFEQSHVLKELPKQ . FFASLVQKVNRKLA-  EGHDVIN|lJ3i 

-MKLAGLSREVEENLNKGSW . IRKLFDEGARLKKEFGEDQVFDFSLj 

-  -MEITPSDVIKTLPRQ . EFSLVFQKVKEMEK- TGAHI  IN 

- MTSYLSDYVQQ . I  KPSG  I  RKFFDLAA  -  TMEGVI  S 

. MEHLLNPKARE . I  E  I  SG  I  RKFSNLVA  -  QHEDV I  S 

- MK-LAKRVSALTPS . TTLAITAKAKELKA-  AGHDVIG 


--03PBP 


EHIVEEMKRgVADPE  62 
LIEEAEKG-  66 
LRE^jSLNPS  6  2 
3  I LSLEQG -  57 
AKK^IDEN-  57 
AVRSMNEG-  59 


IVEPPEAFKR 
P  PHI V  E 
AWNVRE 
PHHVKA 
PQHI  ID 


- MNPLAGQLNEKLQAGNPHVFDMLSTLGKELYF  PKEG I LSQSAEAAAHAK  KYNAT I G I AT EG G I PMHLGV I QEKLS 


- MK-LAKRVASLTPS . ATLAITEKAKELKA- AGHDVIG 

- MRGLSQRVKSMKPS . ATVAVNARALELRR-  KGVDLVAi 

-MVSLLDFNGNMSQVTGE . TTLLYKEIARNVEKTKKI  KI  IDFGl! 

. MAKQLQARRLDG . I  DYN  PWVE  F  VKLAS  EHDVVN03Q 


gOsa 

ALTA 


MDP YMI QMSSKGNL PS  I LDVHVNVGGRSSVPGKMKGRKARWS VR PS DMAKKT - 


-FNPIRAIVDNMKVKPNPNKTMIS 


V- 


WAI  K 


JFKRIRD 

Jfpppdfave 
Jtvfgnl  pFt]d  p  e  vtq 


Tpqhild 

|pEHVKEM3RR 
AKE 
lAFQH 


MKD 


iFAPKD  81 
.4NEG-  59 
l LAQG -  60 
,  LDQG  -  64 
,  VSGDF  58 
l  LDSGK  105 


190 


210 


220 


ykrV 
yhdR 
ywf  G 
yugH 
patA 
aspB 
Bci 


Hs-K 

Hs-T 


-NHK 

-SHG 

-fhg 

-  YTS 

-  VTS 

-  HTK 
-LYP 
-HTK 

-  KTK 

-  FTF 
MLNQ 
-YNG 


•3SFR 
‘IQNQ 
'  3  PFR 
TANA 
TPNA 
TPSG 
’  APPA 
TPSG 
APPA 
TSAF 
TKTF 
'  APS  I 


KAGE}vELPQCLLNp| 


SYR0C-  SAAAAFYKREYGIDLDPETEVAVLFj 

LLAAR  -  EKVAQFLGSRFEADFSAE  -  RI  VMTVp]AGG|AL^JVALKS  I  VNP| 

ifPFr 


EA I AAFYKREYGVTI NPETEVALFG 
LYS  L  R -  EEI SRYLSNRFDLSYSPDNEL I VTV  3) 

YLE  L  R -  QAVQLYMKKKADFNYDAESEI I ITT 
LAELK-NSIAEKFKRDQNIEYKPS-QIIVCT 
KPE  L  RSLWRDKMLEENPSLQGKS  FGN  PI  ATNALTHGj 

lpal  k-eeiikkfardqgldyepa-evivcvE] 

I  PE  L  R  -  EAVAEKFRRENGLEVTPE  -  ETI  VTV  3] 

IDEL  R - EKI AQYLNTRYGTDVKKE- EVI VTP 
YPPL  T- KILASFFGELLGQEIDPLRNVLVTV 
FLSSR- EEIASYYHCP-EAPLEAK-DVILTS 


KAGkjYVLTQCLLNP 
JASQ&LJDIAIRAIVNP 
QRpDAAFRTILSP 


^KHkOYTLFQVILDEEjDE 

- g  IVADLFVDeF*~  ' 

|AKH|AL  YTLFQVLLDE 
KQ ALFNLFQAILDP 
|AKP  AL  FLVFILYINPS] 
YG ALFTAFQALVDEE 


rJCSQ^T 


DLCLAVLANP 


|  I  |  |  |  |  I  ••••  I 

ItfSGVTLAKAKMEMM - PLVKDRaIfJlPD  -  -YS 

^KLYIENY^JSKAVSCP - LTSR|fJe  I D-  -  I  E 

•Lsgitmaraelyem - PLYEENGYLPD -  -  FE 


r[Y  DALV S  LA 
3PIINLC 
PEQVKLA 


I  PVHV . HTTADKG[ 

lAKPVIV - DTTS  - 

KPVYV - EGLEENHl 


bLTFGVRRHGVNVNFP - LFTSEMTj 


’PEQVKLA 
’PEMVRFA 
’  AEVVKLL 
■EPMTMMA 
'  KT LAE  SM 


|3VPVYV - EGLEQNH 

VPVEV - PTLPEEG 

KPIYANL - KWSREEG 

bRPVFVSLKPGPI QNGELGSS  SNWQLD -  -  PM 
I EVKLYN . . LLPEKSWE  I  D 


?  KAT- - AA 
’  KLT -  - AR 
?  K I S - -PE 
f  NAAGLRD 
'KIT- -  PE 
7PD-  -  PE 
■SID--VD 


158 

159 
158 

153 
151 

154 
182 

154 

155 
161 
165 
199 


240 


2)0 


ykrV 

yhdR 

ywf  G 

yugH 

pat  A 

aspB 

Bel 

Bat 

Taq 

Seu 

Hs-K 

Hs-T 


TKAILICS 
r  K  GVVL  PYl 


•  I  • 

SITAE  I  REQApCtLMYL 

avrqsitpqFkslil 
kidpavleka)k[lmfl 
DFEAAVTEK 
L I EDALTPN 
QLKNAlTEKrKpUVI 
ALLAQKDKGKAVVIL 
QLKQAITPRffKkvi  I 
RVRRAITPR r K  ALVV 
DLQSKISKR  TK4IVF 
ELAGKFTSR  TK ALVL 
QLEYLIDEK  rpCLIV 


-  I  • 


•  I  • 


•  I  • 


•  I  • 


■  1  ■ 


hPTGAVATSEFFEDTVRFAAENG . ICVVHbp 

pPTG  TVLSQKNIDDLGALLKEIEEKSGQTI YVLF 

PTG  AVADAAFYAKAAAFAKEHN - -  -  IHLIH  )|i 

fclPTGSVYSKEELNE I AEFAKKHD . VIVLA  D  El: 

N  PTG  1/TLSEEELKS  I AALLKGRN . VFVLS  IE: 


KPTGWMYTEEELSALGEVCLEHD- 


-  ILIVSDE 


EPTG  YTPGAAEGDAI VAAI KDAAEAG- INVVVVT 

PTG  41 YTAEELKALGEVCLAHG . VLIVSDE 

PTG l/VY PEEVLRALAEMALQHD . FYLVS  JE 

PTGfTLFS  PNDVKKI VDI  SRDNK . IILLS  IE 

MRyFEREELELVASLCOOHD . VVCIT 

SVFSKRHLQKI  LAVAARQC . VPILAf>E] 


avgfdgckpl|Jflqteg- 

[SQLI YDEELANPFQSYHR- 


- AKDIGI EIYTLS 

- VI  LAS  S  FS 

AFE FD -  QK P AfsjFLE AED AKTVGAELYSFS 

AELTYDE-EFT5I AALPG MKERTVVISGFS 

S ELTYDR -  PHY  S I ATY . LRDQTIVINGLS 

EKLTYGGKKHV  3  I AQLSDR -  - LKEQTVI INGVS 
FGLFFEDSLKESLFGRLADLHPRVLAVKVDGAT 
EKLTYGGAKHVSIAELSPE--LKAQTVI INGVS 

EHLIYEG-AHF  3PGTLAP . EHT I TVNGAA 

DNFVYEGKMRSTLEDSD - WRDFLI YVNGFS 

QWMVYDGHQH  I^sjl  ASLPG MWERTLTIGSAG 

DMVFSDCKYE  PLATLST - DVPILSCGGLA 


TYNMA 

9LGIA 

TFNMA 

AFAMT 

3HSMT 

3HSMT 

EEFVW 

SHSMT 

AFAMT 

FFSMT 

TFSAT 

RWLVP 


'AVGNASV I 
IGLDSRMP 
J4AFAVGNEKI  I 
FAAAPSLLR 
FLFAPKDIA 
YAAGSEDII 
FITYASENK 
YAAGPKD  1 1 
YACGPKAVI 
Y IVAKREII 
WVLGPDHIM 
4  I L I HDRRD 


2  5  9 
262 
258 
253 
249 
256 
291 
256 
253 
261 
266 
299 


•  I  • 


-  I  • 


•  I  • 


•  I  • 


•  I  • 


•  I  • 


ykrV 

yhdR 

ywf  G 

yugH 

patA 

aspB 

Bci 

Bst 

Taq 


EAINLYQDHMFVSLFRATj^ 
DADLLINAFVYCNRTLGFVN| 
QAVNE  FQDHVFVGMFGGL 
DAMLKIHQYAMMCAPAMA 
KH I LKVHQYNVSCAS  SIS 
KAMTNLASHSTSNPTSIA 


i  AAEALL . ADQTCVAEQNARYES 

i  PVMMQR . AVARMDDLRVDAS AYKE 

.  ASAALS . GDPEHTESLKRIYKE 

•  ALEGLK . NGMEDVEKMKKSYRR 

i  ALEAVT . NGFDDALIMREQYKK 

(YGAIAAYN . GPSEPLEEMREAFEH 


RNAWITACR- E I 
RDLMVDljLjKEA- 
idfftalcekel| 
rnlfvesOnei 
l^dyvydrUvsm 
^ntiyak! 


4DVTA 

FEFEM 

iKMEK 

LSCHH 

LDVVK 

FSCVK 


DVLDALEQKTLGI I  RATI SSGPHPSQT . FVLDALKAPGFKEQKEEKLQI MKGRANKVKDI L 


KAMTDLASHSTSNPTS I A 
KAMADVSSQSTTS  PDTI A 
QKMG I LAANVYTAPTS  FV 
KHLRTVHQNSVFHCPTQS 


l AIAAYS -  - 
TLEALTN- 
l  AVKAFD -  - 


- GPQE  PVEQMRQAFEQ R 

-REASMAFIAMAREAYRK  R| 
-  -  -  -  TFDEVNQMVSLFKK R 


.KrAESFEREQLLFRQPSSYFVQFPQAMQRCRDHMIRS 


I FGNEIRDGLVKLSQRILGPCTIVQGALKSILCRTPGEFYHNTLSFLKSNADLCYGA 


VQIP 
SR  I  - 
TKVK 
QSV- 
\AIP 


FTCVK 
LEAVR 
^EVSK 
LKPI  I 
LRPVRl 


FAWLPVPEGY . TSEQFSDL^jLEKAN 

FVFPKSPIED . EVAFCVHAAQKYK 


YVWAE  I  PNTFE . -  -  TSHQFSDY 

LCFSI  YQKHGN . EFKNSLPEE 

YIFPS  IKSFG . MTS  FDFSMA 

YLFPNAKEAAQSC . -  - G FKDVDE FVKA 


IKYSEAWDYYPFNSG- 


LEHAH 

LTQEK 

LEDAG 

LEEEK 


348 
352 

349 
344 
339 
352 


- YFMCLKLKTVQAEALR  384 

F|YLF  PNAR  E  AAAMA . GCR'T  VDE  FVAaOl  EEA  K  3  52 

FYVLMDTSPFAP . NEVEAAERL  L  4  AG  -  -  345 

FYMFPNVSKILKTS . G-FDVKSLAIKLIEEKG  355 

jfeYFLITDISDFKR  KM  PDL  PGAVDE  PYDRR  FVKWM I KNKG  3  75 
ip\M YLMVG I  E MEHF P - EFENDVEFTERjC|VAEQS  4  01 


.  |  |  |  | - | - |  ....  |  . 

IvGLLTSEERLKEAAYRIGKLNLFTQKS  IDKTL- 

Lsfsvpieqiknsrdifislykdfa - 


398 
393 

ISMVSKQEDLREFVTRIQKLNLPFGSLQETSRSG -  401 

SGFGSPENVRLSYA -  371 

LSFACSMDTLREGLDRLELFVLKKREAMQTINNGV- -  392 

LSYATSLDLLEEAIERIKRFVEKHS . . 393 

IAFSCIEE  PYLEDLFDL IHQGVQDLQQA -  4  32 

LSYATSLDALETAVERIHRFMEARA -  393 

LSYATGEENLKKALERFAQALQ -  383 

LSFAVNEEVI  KEGIQKIREFAEQMMNSR -  402 


FCFVKDEATLQAMDE  KLRKWKVEL . . 422 

VVITVPEVMMLEACSRI QEFCEQHYHCAEGSQEECDK  454 


Figure  5.  Alignment  of  the  putative  B.  subtilis  AspATs.  The  following  sequences  were  aligned  using  the 
clustal  algorithm:  B.  subtilis  ykrV,  yhdR,  ywfG,  yugH,  patA,  aspB,  (Bci)  B.  circulans  AspAT [27],  (Bst)  B. 
sp.  AspAT [28],  (Taq)  Thermus  aquaticus  AspAT [29],  (Ssu)  Sulfolobus  sulfotaricus  AspAT [16],  (Hs-K) 
human  KynAT  [30],  and  (Hs-T)  human  TyrAT  [31],  Residues  conserved  by  75%  of  the  sequences  are 

highlighted. 
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ykrV  ywfG  yugH  patA  aspB 

MLTELTELTE  MLTELTE 

175  — 

83  — 

62  — 

48  — 

33- 
25- 
17— 

7— 


Figure  6.  Purification  of  recombinant  B.  subtilis  AspATs.  E.  coli  BL21  codon-plus  cells  (Stratagene) 
carrying  the  indicated  transgenes  were  induced  with  IPTG  and  prepared  as  described  in  the  Materials 
and  Methods  section.  The  clarified  homogenate  (L)  was  loaded  onto  a  calmodulin-agarose  column,  and 
the  flow-through  (T)  and  eluates  (E)  collected.  Aliquots  of  each  fraction  were  analysed  on  10% 
acrylamide  gels  under  reducing  conditions.  Lane  (M)  contains  molecular  weight  markers. 
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Of  the  putative  B.  subtilis  AspATs,  only  the  ykrV  gene  product  was  effective  at 
transaminating  KMTB.  However,  the  amino  donor  specificity  for  recombinant  ykrV  did  not 
match  the  major  activity  seen  in  B.  subtilis  cell  homogenates  or  the  corresponding  semi- 
purified  fraction.  Another  aminotransferase(s)  is  clearly  responsible  for  the  cellular  activity 
seen  using  branched-chain  and  aromatic  amino  acids  as  amino  donors. 

Characterisation  of  Putative  B.  subtilis  BCATs 

The  strong  preference  for  branched-chain  amino  acids  as  amino  donors  suggested  the 
possibility  that  a  branched-chain  amino  acid  aminotransferase  (BCAT)  was  responsible  for 
this  Met  regeneration  activity  in  B.  subtilis.  In  a  previous  publication,  Hall  et  al.  [32]  have 
found  that  rat  brain  BCAT  could  catalyse  Met:KG  aminotransfer  at  a  rate  approximately  10% 
of  Leu:  KG,  but  this  reaction  has  not  been  further  examined,  particularly  in  the  reverse 
reaction.  Similarly,  bacterial  BCATs  are  known  to  play  a  role  in  the  conversion  of  Met  to 
odour  compounds  in  cheese  bacteria  [33,34],  but  use  of  KMTB  in  the  reverse  reaction  has  not 
been  studied. 

BCATs  are  members  of  family  III  of  the  aminotransferase  superfamily,  and  appear  to  be 
evolutionarily  unrelated  to  the  family  I  and  II  aminotransferases  [35],  Members  of  family  III 
have  not  been  subjected  to  the  same  level  of  phylogenic  analysis  as  family  I,  and  there  is  no 
information  available  on  potential  subfamilies  within  family  III.  Clustal  alignment  of  all  the 
available  family  III  aminotransferase  sequences  followed  by  tree  construction  using  a  variety 
of  algorithms  demonstrated  a  clear  division  into  two  subfamilies  (Figure  7).  The  first, 
designated  subfamily  Ilia,  contained  BCATs  from  eukaryotic  and  bacterial  sources.  The 
second,  designated  subfamily  Illb,  contained  BCATs  from  archaeal  and  bacterial  sources,  as 
well  as  D-amino  acid  aminotransferases  (DAATs).  Analysis  of  the  B.  subtilis  genome  data 
[25],  has  uncovered  three  sequences  with  homology  to  existing  members  of  family  III:  ywaA, 
ybgE,  and  yheM  (Figure  7).  The  yheM  sequence  clearly  localised  amongst  the  DAAT 
sequences  in  subfamily  Illb,  and  was  62%  identical  to  the  B.  licheniformis  DAAT  and  45% 
identical  to  the  Staphylococcus  haemolyticus  DAAT.  The  ybgE  and  ywaA  sequences  were 
found  in  the  Ilia  subfamily,  and  were  59%  identical  to  each  other.  The  ybgE  sequence  was 
also  60%  identical  to  the  B.  halodurans  BAB05575  gene  product  and  40%  identical  to  the 
Xylella fastidiosa  XF1999  gene  product.  The  ywaA  sequence  was  62%  and  42%  identical  to 
these  sequences. 

Alignment  of  yheM,  ybgE,  and  ywaA  with  seven  other  family  III  sequences  that  have  been 
fully  characterised  in  the  literature  demonstrated  a  low  number  of  conserved  residues  across 
the  family  (Figure  8).  Residues  E104(E37)‘,  FI  19(F51),  R127(R59),  K233(K159), 
N237(N163),  G252(G178),  E269(E193),  T290(T209),  L298(L217),  E342(E251),  P354(P263), 
and  G376(G278)  are  conserved  across  these  ten  sequences,  with  K233(K159)  as  the 


*  As  the  family  III  aminotransferases  are  now  thought  of  as  unrelated  to  the  family  I  and  II  enzymes 
[35],  it  would  be  inappropriate  to  continue  with  the  use  of  pig  cytosolic  AspAT  as  the  reference 
sequence  for  family  III  enzymes.  The  residues  in  parentheses  reflect  the  corresponding  residue  in  the 
E.  coli  ilvE  gene  product,  which  has  been  well  studied  in  the  literature. 
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j  ■Staphylococcus  haemolyticus U 12238  (DAAT) 

[* - Listena  monocytogenes  AF038439  (DAAT) 

1  |  ~ Bacillus  hcheniformis  L'26947  (D/VAT) 

*  Bacillus  suhtih. v  yhoM 

j - Bacillus  sphaericits  1  '26732  (DAAT) 

_  Lj  1 - Bacillus  sp.  J04460  (DMT) 

*  Clostridium  acetokutyhcum  C AC 0792  (DAAT) 

- Bacillus  halodurans  NT01BH3  (DAAT) 

_  r - Smorhizobium  melt  loti  Sma0093  (DAAT) 

' - Agrobactenum  lumefaciens  p AT  698  (DAAT) 

> -  - Ralstonia  solanacearum  RSO 1 735  (DAAT) 

-  -  '  Agrobacterium  lumefaciens  C  4563  (DAAT) 

j  |  Caulobacter  crescentus  CC 1 744  (DAAT) 

__  ' - Mesorhizobium  loti  mlr040 1  (DAAT) 

- Mesorhizobium  loti  mlr7635  (BCAT) 

j - Clostridium  acetokutyhcum  CAC2226 

- - Streptomyces  coehcolor  AI.1 57953  (DAAT)  (BCAT) 

| - Archaeoglobusfulgidus  AF0933  (BCAT) 

* - Melhanococcus jannaschn  MJ1008  (BCAT) 

r  Salmonella  typhtmurium  PSLT3903  (BCAT) 

■  P Escherichia  coli  ilvF.  BCAT 

_  _ I  Yersinia  pestis  YP03899  (BC  AT) 

1  r - - - Halohacterium  sp.  ilvc2  (BCAT) 

__  *  1  Methanobacterium  thermautotrophicum  MTI 1 1 430  (BCAT) 

| - Pseudomonas  aeruginosa  PA05014  (BCAT) 

-T* - Ralstonia  solanacearum  RS04898  (BCAT) 

^ - ■ - Campylobacter  jejuni  Cj0269c  (BCAT) 

L  r  Rickettsia  rickettsia  i!vc  (  BC  AT ) 

"  ~  ~  I  'Rickettsia  montanensis  ilvc  (BCAT) 

|_r  Rickettsia  conortt  ilvc  (BCAT) 

Rickettsi  a  typhi  ilvc  ( BC  AT ) 

-  Caulobacter  crescentus  CC2930  (BCAT) 

|  •  Asrobaclerium  lumefaciens  C  1592  (BCAT) 

-  ' - Mesorhizobium  loti  ml!9205  (BCAT) 

r~  — . . . Synechocystis  sp.  SI.R0032  (BCAT) 

1 - Mesorhizobium  loti  mll9205  (BCAT) 

j - Capsicum  annuum  AAK57535  (BCAT) 

J* . — . Arabidopsis  thahana  At  I  gl  0060  (BCAT) 

_ H  Arabidopsis  thahana  Atlg50090  (BCAT) 

_  | _ | — Solarium  tuberosum  AF193845  BCAT 

— Solanum  tuberosum  AFI93846  BCAT 
r—  Streptococcus  pyogenes  Spy09 1 0  (BCAT) 
pP — —  Streptococcus  pneumoniae  SP0856  (BCAT) 

—  j  ^ - Lactococcus  lactis  1320  (BCAT) 

[j - Haemophilus  Influenzae  HII 193  (BCAT) 

i - Dei  nococcus  radtodurans  DR  1626  (BCAT) 

-  - Hellcof,acter pylon  jhp  1361  (BCAT) 

- Cochhobolus  carbonum  AF 157629  BCAT 

r  Ovts  aries  AF  1 849 1 6  cBC  AT 

J  '—Homo  sapiens  NM005504  cBCAT  - 

- L —  Mus  muse  ulus  X 1 7502  cBCAT  y 

' — Rattus  norvegicus  NMO 17253  cBCAT  \  . 

En  Ovts  aries  AAD02563  (mBCAT)  \  \j/  // 

H omo  sapiens  N  MOO  1 1 90  m  BC  AT  \  \V  f  /j£ 

Rattus  norvegicus  NM022400  mBCAT  ,a\N 

-  - Caenorhabditis  elegans  CK03457  (BCAT)  f  ^ 

_ | - Saccharomyces  cerevisiae  YJR148vv  (BCAT)  \  ^^-—yhgK 

—  _ I  * - Saccharomyces  cerevisiae  YI[R208w  (BCAT)  \  v\  ywaA 

' - Schizosaccharomyces pombe  SPBC428.02C  (BCAT)  \  \\  ’V 

- Neisseria  meningitidis  NM0337  (BCAT)  ■ _ _  \.  \  /if* 

j - Bacillus  suhtih  s  vivaA  y  P*  |  [  |  J-, 

_ P - Bacillus  halodurans  B  ABO 5 875  (BC  AT)  Vv- .  ^ 

1.  Bacillus  suhtih  s  ybgF  / 

- Xyellela  fastidiosa  XF1999  (BCAT)  f  \  Ml  \ 

- Smorhizobium  mehlon  Sme02896  (BCAT)  "^/i\  \  \ 

- Ralstonia  solanacearum  RS05654  (BCAT)  /lj  ,/jf  \  »  \ 

—  Streptomyces  coehcolor  /MX) 31 124  (BCAT)  \  \ 

-  Mycobacterium  tuberculosis  MT2266  (BCAT)  vh  \  \  ' 


Figure  7.  Family  III  aminotransferases.  The  sequences  were  aligned  with  the  clustal  algorithm  and 
used  for  tree  construction  with  the  neighbor-joining  method.  The  putative  B.  subtilis  family  III  sequences 
are  in  red.  The  inset  presents  the  same  data  as  an  unrooted  tree,  with  the  two  proposed  subfamilies 

labelled  in  blue. 
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-MTKQTIRVELTSTKKPKPDPNQ  -  LSFGRVFTDHMFVMDYAADKGWYDPRI I  P  YQPLSMDPTAMVYHIYG  DTViFEgIlKA YV  7  8 

-  - - - - - MKVLVNGRLIGRSEAS  I  DLEDRGYQFbDGI  YfepIRVYK  38 


. TTKKADYI WFNGEMVRWEDAKVHVMSHALH  JfGrTSVFEG  I RCYD  4  3 

-  MAINLDWEN - LGFS YRNLPFRYI ARFK- DGKWSAGELTGDNQLHISESSPALH /GpQG FEG LKAYR  6  4 


-  M  KI Y  LNGKFVDE  KDAKVS  VFDHG  L  LfYGpGV 


- - - MAYSLWNDQI VEEGSI  TI  S  PEDRGYQFppGI  YjEpI  KVYN  3  9 

- - - MVQTAALHGPKPMDSSHI KVTNVKELKPLPEWKS  -LKFGENFTDHMLIMKWNREKGWSTPEI  VPFGKLCFHPASSVFH[YGFECFEGk4KAFR  9  0 

- MDCSNG - SAECTGEGGSKEVVGTFKAKDLI VTPATI LKEKPDPNN- LVFGTVFTDHMLTVEWSS  EFGWEKPHI KPLQNLSLHPGSSALH mVELFEGLKAFR  100 

MAAAALGQI WARKLLSVPWLLCGPRRYASSSFKAADLQLEMTQKPHKKPGPGE  PLVFGKTFTDHMLMVEWN- DKGWGQPRI QPFQNLTLHPASSS  LH  YE  LQLFEG 4KAFK  109 


- | - | - |  .  . 

tddgrvllSTrpdqnik 

SEDDHVLLF RPEKNME 

G - VL  ?  3LREHAEF 

SHKG- PVV  ? RHREHMQ  f 
TKDGSIQLF RPDQNAA ! 


G-----HMF  TAQEHID  F 
DEKGVPRL  F RPIKNAE F 
GVDNKIRLF3PNLNMD  F 
GKDQQVRLF RPWLNMD  F 


130  140  150  ICO  11 
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LNRifcERMSMPP-LDEELVLEALTQLVELEKDWVP-KEKGTSLfY|lRPFVIATEPSLGVKASRSYTFMIVLS[p|vj3feYYGDDQLKPVRIYVEDEY  185 
LNQ  3  tfDRLCI PQ  -  I DEEQVLEGLKQLVAI DKDWI  P  -  NAEGTSL  I RP Fl  I  AT  E  PFLGVAASHT  YKLLI I  LSPr/pE  Y  YKEG  -  I  KPVKI AVES  EF  185 

FFR3 AAEIGISLPFSIEDLEWDLQKLVQENA - VSEGAV Y I QTT RGVAPRKHQ Y - E AGL E PQTT AYT FTVKK P - EQEQAYGVAAIT  132 

LED  3 AKI YRFPVSQS IDE LMEACRDVI RKNN . LTSAYIRPLIFVGDVGMGVNPPAGYSTDVI I  AAFjpfaElAYLGAEALEQGI  DAMVSSW  146 

LQNTARRLCMAE-VPTEMFIDAVKQVVKANEDFVPPYGTGATL0LRPLLIGVGDVIGVKPADEYIFTVFAMPW3EYFKGG-LAPSKFVISRDY  172 

^YD§]aKSLCIDIPLTKEEMIDVVLETLRVNN - LRDAYI RLVVTRGVGDLGLDPR  KCGKPTI PCI AI P4PPLL - GEDGIRAITVSV  13  3 

FYAfikEKIRLVl  PYTKDVLHKLLHDLI EKNN - LNTGHv[y|fQITRGTTSRNHIFPDASVPAVLTGNVKtE|eRS - IENFEKGVKATL  13  4 

MLSTGTRI SLPS  -  FDPAE  LAE  1 1 RKFVAHENRWVP  -DQRGYSLy  I  R  PT  FI  GTD  EALGVHHCDNAML  YV I  ASjp^/  3  P  YYSSG  -  F  KALS  FVAPKKS  197 
M YRpKVRATLPV - FDKEELLECIQQLVKLDQEWVP -YSTSASL/IRPAFIGTEPS  LGVKK PTKALLFVLLS  P  V 3  P YFSSGTFNPVSLWANPKY  208 
MLRElAMRLCLPS  -  FDKLELLECI RRLI  EVDKDWVp  -  DAAGTSL  Y  i/RPVLIGNEPSLGVSQPRRALLFVILCPi/  3  AYFPGGSVTPVSLLADPAF  217 


RPFVIATEPSLGVKASRSYTFMIVLSfp 


•I - I - I - I-- 

r AGpYk AS LQAQR  KEk  E  Lp 
TAG  UYJASSLKAQQVjftEEK  3 
3-L  ^tLYNVMTKQRkvTEA  3 
AGG  ^YtSSLLVGSEkRRH  3 
S/GG  >IY  AASLQAEVGlAKAS  3 
3-L  Y  LNS  VLAKI  Q|A  HYA  3 
3  -  L  tfjLLGAVLAKQEks  EK  3 
LGG ^YkPSVLPQKEk AKK 3 
*4GG  'JY  3SSLFAQCEDVDN  3 
LGG  AY  3PTVLVQQE0LKR  3 


•  I - I - I  •  •  •  • 

rDQVLwEbAIEKKYVEjE 
•'SOVLW  LOGIEKKYIEE 
VFEAILLR- -D-GVVTE 
fQEGIALD  -  - VNGYIS  e| 


:YEAILHR- -G-DIIT  3 
rAQILwOfGDED- YIT  3 
:QQVLw|l  iTGRDH  -  QIT  3 
:eqvlwLygpdh-qlt  3 


. .  I  —  I ....  I . 

VING - EAVffh 


>ALSGsBT}sE|v|rR|ASAIELIRSWG - IPVREERISIDE  285 

’MLNGS  I  L  E  3  I  TR'ISVIALLKHWG - LQVSERKI  AIDE  28  5 

[ PANRL  I  L  3  I  rR  tfNI  LGLIEKNG . IKLDET  222 

-PFTSSA)LP  3  1  TRDAIIKLAKELG . IEVREQ  23  9 

•-  LSPS  I  LPSI  TKYSLLYLAEHRLG . LKAIEG  267 

•PVYQSILkEIi  TrIdWI  KLAKEEG . IEVVEE  225 

[PANNYILtf  31  TR  DVI  LKCAAE  IN . LPVIEE  224 

iPLDGMILP  3VTRDSILEI CRERLAPKGWKI TEGKYSMKE  3  05 
’PLDGI I L  P 3  /  TR  RCI LDLAHQWG- -  - EFKVSERYLTMDD  3  13 
-PLNGVILP  SmOSLLDMAQTWG-  -  -  EFRVVERTITMKQ  3  22 


VjRJAVNGGVG-  FA 
VRjAVKGGTG  -  NA 
DED - LRWLRCDI 

n£|aapntiptaa 


AWPGGTG - H YF 
AWKGGTG -  DC f 
AWVGGVG-NYf 


pYAVING - TVRfT 


FFGITADN - EFI  r, 

IFjlVKNG . VLKT1 

VYGIKDG . KLYrj 

Ep^TVWINKNGEKEII  r| 


- | - |  •  - 

vyaasargeltIe 

VIQAHKDGI LE  E 
PVSEEELKQAE  E 
VLSRESLYLADE 
evyakdlgkfve 

PLTLHDLYTADE 


•  i - I - I - I - I- 

PVfcELNIHGKTVIVGD - GQI 

PV3ELIWQDETLSINN - GET 

PVVTLD - GQSIGS - GKP 

PVRSVD - GIQVGE - GRC 

pFgriddgedsyifhs- -etev 

PvJfEID - GRVINN - KQV 

PV  [  DVD - GQQIGA - GVP 

pvkainykgteyeipmpegqea 

PV3DILYKGETIHIPT - MEN 

PVHRILYKDRNLHI PT - MEN 


300  300  400  410 

•  •  •  I - I - I - |  |  |  |  . 

D-LSKKLYETITDIQLGKVKGPFNWTVEV . 

E-IAKKLYDTITGIQKGAVADEFGWTTEVAALTESK 

P-VTKQLQAAFQESIQQAASIS . 

P- VTKR I QQAFFGLFTGETEDKWGWLDQVNQ . 

P-TVKRLYDELVGIQFGDVEAPEGWI VKVD . 

E- ITKKLKEKFKDI RTKWGI KVYDE . 


iGACpT  ARl I S 
.01  TpT  A[AE  I V 
:  IVSSVSSEVT 


E  -  WTRKLQKAFEAKL  P I S I NA . 

P- ITSEIS  KWI LDIQYGKEPNNP- WS VPAL  P - 
PKLASRILSKLTDIQYGREESD- -WTIVLS- - 
PELILRFQKELKEIQYGIRAHE- -WMFPV - 


Figure  8.  Alignment  of  the  putative  B.  subtilis  family  III  aminotransferases.  The  following  sequences  were 
aligned  using  the  clustal  algorithm:  B.  subtilis  yheM,  ybgE,  ywaA,  (Eco)  E.  coli  BOAT [36],  (Lla)  Lactococcus 
lactis  BOAT [33],  (Mja)  Methanococcus  jannaschii  BCAT [37,38],  (Bsp-D)  Bacillus  sphaehcus  DAAT [39], 
(Spo)  Schizosaccharomyces  pombe  BCAT [40],  (Hs-1)  human  BCAT-1  [41],  and  (Hs-2)  human  BCAT-2 
[42],  Residues  conserved  by  75%  of  the  sequences  are  highlighted. 
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pyridoxal-phosphate  binding  site.  Even  amongst  this  small  selection  of  family  III  enzymes  it 
is  clear  that  there  is  no  retention  of  D/E222  (in  pig  cytosolic  AspAT)  postulated  by  Mehta  et 
al.  [26]  as  an  invariant  residue  across  all  aminotransferases.  While  completely  conserved 
across  family  I  and  II  enzymes,  this  residue  appears  to  be  unneccessary  for  activity  in  family 
III  enzymes.  A  more  detailed  alignment  of  each  family  III  subfamily  and  the  presence  of 
sequence  motives  will  be  discussed  elsewhere. 

The  two  putative  BCATs  were  cloned  and  functionally  expressed  as  calmodulin-binding 
peptide  fusion  proteins.  The  ybgE  gene  product  was  almost  completely  soluble,  while  that 
from  ywaA  was  about  75%  insoluble  as  inclusion  bodies  (Figure  9).  Both  recombinant 
enzymes  were  screened  using  KMTB  and  single  amino  acids  as  amino  sources.  The  ywaA 
gene  product  catalysed  little  Met  production,  whereas  the  ybgE  gene  product  readily  formed 
Met  using  leucine,  isoleucine,  valine,  phenylalanine,  and  tyrosine  as  amino  donors  (Figure  2). 
Both  enzymes  were  active  in  leucine:KG  aminotransfer  (data  not  shown). 

ybgE  ywaA 

M  L  T  E  L  T  E 


175  — 
83  — 
62  — 
48  — 

33— 

25— 

17— 

7— 


Figure  9.  Purification  of  recombinant  B.  subtilis  BCATs.  E.  coli  BL21  codon-plus  cells  (Stratagene) 
carrying  the  indicated  transgenes  were  induced  with  IPTG  and  prepared  as  described  in  the  Materials 
and  Methods  section.  The  clarified  homogenate  (L)  was  loaded  onto  a  calmodulin-agarose  column,  and 
the  flow-through  (T)  and  eluates  (E)  collected.  Aliquots  of  each  fraction  were  analysed  on  10% 
acrylamide  gels  under  reducing  conditions.  Lane  (M)  contains  molecular  weight  markers. 

As  the  amino  donor  preference  for  Met  regeneration  with  the  recombinant  ybgE  closely 
mirrored  that  seen  in  B.  subtilis  homogenates  and  in  the  semipurified  fraction,  more  detailed 
kinetic  studies  were  performed  on  the  BCATs  (Table  2).  The  Km  values  for  Leu,  Val,  and  lie 
in  the  presence  of  KMTB  or  KG  were  very  similar  for  both  ybgE  and  ywaA,  and  ranged  from 
2.1 1  -  5.68  mM.  Both  ybgE  and  ywaA  catalysed  KMTB  transamination  at  a  rate 
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approximately  10-fold  lower  than  the  corresponding  reaction  with  KG.  In  addition,  ywaA 
was  100-fold  less  active  than  ybgE  for  all  of  the  reactions  examined.  Therefore,  it  would 
appear  that  the  ybgE  gene  product  is  responsible  for  the  majority  of  the  Met  regeneration  seen 
in  the  B.  subtilis  homogenates. 

Inhibition  of  the  ybgE  Gene  Product  with  Canaline 

The  production  of  Met  from  KMTB  and  leucine  was  examined  in  the  presence  of  the 
aminotransferase  inhibitor  canaline,  which  has  been  demonstrated  as  an  effective  inhibitor  of 
Met  regeneration  [10-13],  Using  10  mM  KMTB,  1.0  -  10  mM  leucine,  and  0-1.0  mM 
canaline,  the  inhibitor  was  found  to  interfere  with  the  reaction  in  an  uncompetitive  manner 
(Figure  10).  The  calculated  Ki  was  found  to  be  48.41  ±  19.64  pM  canaline. 


Figure  10.  Inhibition  of  the  ybgE  gene  product  by  canaline.  Varying  amounts  of  canaline  were 
incubated  with  10  mM  KMTB  and  1.0  (inverted  triangles),  2.5  (triangles),  5.0  (squares),  or  10.0  (circles) 
mM  leucine  before  quantitation  of  Met  production  by  HPLC. 


Canaline  was  also  examined  as  an  inhibitor  of  B.  subtilis  growth  in  vitro.  When  104  cfu  of  B. 
subtilis  were  used  as  the  inoculum  in  a  final  volume  of  200  pi  of  nutrient  broth,  up  to  5.0  mM 
canaline  was  found  to  have  little  effect  on  cell  growth  over  24  hours  (Figure  1 1).  When  the 
experiment  was  repeated  using  a  minimal  medium,  canaline  was  found  to  be  an  effective 
growth  inhibitor,  with  an  IC50  of  36.69  ±  9.62  pM  and  an  MIC  of  500  pM  (Figure  1 1). 
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(xM  Canaline 


Figure  11.  In  vitro  inhibition  of  B.  subtilis  growth  by  canaline.  2  x  Iff  cfu  of  B.  subtilis  early  log  cells 
were  inoculated  into  nutrient  broth  (triangles)  or  minimal  medium  (circles)  in  the  presence  of  varying 
concentrations  of  canaline.  Growth  after  incubation  overnight  at  3<fC  was  measured  by  turbidity  at  650 
nm.  The  dark  circles  and  triangles  are  the  appropriate  values  for  growth  with  no  inhibitor  and  for  medium 

without  cells. 
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Discussion 


Polyamine  biosynthesis,  and  its  associated  Met  regeneration  pathway,  have  been  the  subject 
of  a  number  of  studies  on  experimental  chemotherapeutics  in  bacteria,  protozoa,  and  cancer 
cells  [1],  To  date,  none  of  the  previous  reports  have  examined  this  potential  in  gram-positive 
bacteria.  Many  of  the  enzymes  shown  in  Figure  1  have  been  characterised  in  B.  subtilis, 
including  S-adenosylmethionine  synthase  [43],  S-adenosylmethionine  decarboxylase  [44], 
methylthioadenosine  nucleosidase  [45],  and  methylthioribose  kinase  [46],  but  have  not  been 
considered  as  drug  targets.  The  existence  of  a  complete  genome  sequence  for  B.  subtilis  168 
facilitates  the  use  of  this  organism  as  a  model  for  the  development  of  inhibitors  against  B. 
cereus  and  B.  anthracis  [25].  Our  previous  work  in  parasitic  protozoa  and  K.  pneumoniae  had 
identified  the  regeneration  of  Met  from  KMTB  as  a  potential  target  for  therapeutic 
development  [10,1 1,13].  In  all  previous  organisms  examined,  this  reaction  was  catalyzed  by 
an  aminotransferase  from  the  la  subfamily  of  the  enzymes.  In  this  paper,  we  have 
demonstrated  that  B.  subtilis  has  no  aminotransferase  sequences  which  fall  within  the  la 
subfamily.  Instead,  the  analogous  enzymes  in  B.  subtilis  are  all  members  of  the  If  subfamily. 
These  enzymes  have  been  cloned,  expressed,  and  characterised,  and  found  not  to  be  the  main 
catalysts  of  Met  regeneration. 

Further  examination  of  B.  subtilis  homogenates,  and  partial  purification  of  the  Met  recycling 
activity  implicated  an  aminotransferase  with  a  preference  for  utilising  branched-chain  amino 
acids  as  the  amino  donors  for  KMTB  (Figure  2).  The  two  genes  identified  from  the  B.  subtilis 
genome  data  as  having  high  identity  with  BCATs  were  cloned,  expressed,  and  characterised. 
One  of  these  enzymes,  the  ywaA  gene  product,  was  found  to  catalyze  Met  formation  using  the 
same  amino  donor  preference  seen  in  sub-cellular  homogenates.  We  are  therefore  able  to 
identify  the  ybgE  BCAT  as  the  primary  source  of  Met  recycling  in  B.  subtilis. 

Unlike  the  situation  seen  with  the  TyrAT  in  K.  pneumoniae,  where  tyrosine:KMTB  and 
tyrosine:KG  aminotransfer  occurred  at  equal  rates  [13],  the  B.  subtilis  ywaA  gene  product 
catalyzes  leucine:KG  aminotransfer  approximately  10-fold  better  than  leucine:KMTB 
aminotransfer.  When  growing  in  nutrient  broth,  B.  subtilis  has  access  to  large  amounts  of 
exogenous  Met  and  might  repress  the  expression  of  an  aminotransferase  required  for  Met 
regeneration.  However,  we  have  examined  subcellular  homogenates  made  from  B.  subtilis 
grown  in  minimal  medium  with  no  exogenous  Met  and  sulfate  as  the  sulfur  source,  and  have 
found  no  substantial  increase  in  the  formation  of  Met  from  KMTB  (data  not  shown). 

That  family  III  aminotransferases  might  catalyze  Met  regeneration  in  the  place  of  subfamily 
la  aminotransferases  is  interesting.  Family  I  and  family  III  enzymes  appear  to  be  unrelated 
and  the  result  of  convergent,  rather  than  divergent,  evolution.  Stmctural  studies  have  shown 
that  family  I  (and  family  II)  aminotransferases  consist  of  different  folds,  and  do  not  have  a 
spatial  resemblance  [35],  In  addition,  family  III  enzymes  are  substantially  smaller  than  family 
I  aminotransferases  and  lack  one  of  the  four  universally  conserved  residues  found  in  the  other 
aminotransferase  families  [26],  The  evolution  of  this  functionality  in  family  III 
aminotransferases  in  B.  subtilis  suggests  that  this  family  of  enzymes  should  be  examined  in 
other  Gram-positive  bacteria  and  archaeabacteria,  which  lack  subfamily  la  enzymes,  and  in 
mammals,  where  the  subfamily  la  enzymes  have  been  found  not  to  catalyse  Met  regeneration 
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[10].  The  work  of  Hutson  et  al.  [47]  have  shown  that  rat  and  human  BCAT  can  catalyze 
Met:KG  aminotransfer,  but  this  finding  has  not  been  further  developed. 

Amongst  the  subfamily  If  enzymes  examined  in  this  paper,  only  one,  the  ykrV  gene  product, 
was  found  to  have  any  appreciable  Met  regeneration  activity.  However,  this  enzyme  only 
produced  Met  from  KMTB  using  glutamine  as  an  amino  donor,  did  not  have  any 
aspartate:KG  activity,  and  had  substantial  glutamine:KG  activity.  This  profile  did  not  match 
with  that  seen  in  subcellular  homogenates  or  in  the  partially  purified  Met  recycling  activity 
(Fig  2).  Recently,  Sekowska  et  al.  [46]  have  identified  members  of  the  ykrTS  and  ykrWXYZ 
operons  as  enzymes  involved  in  Met  regeneration.  These  operons  were  found  to  be  members 
of  the  S-box  regulon  [48],  which  is  up-regulated  during  sulfur  limitation.  In  particular,  the 
authors  have  unequivocally  identified  the  ykrT  gene  product  as  the  B.  subtilis 
methylthioribose  kinase  (see  Figure  1).  By  gene  deletion,  the  ykrS  gene  product  has  also  been 
identified  as  essential  for  Met  regeneration  from  methylthioribose.  The  other  members  of  the 
operon  are  implicated  by  association  as  being  involved  in  Met  recycling,  but  have  not  been 
definitively  proven  to  participate.  The  ykrV  gene  product  lies  immediately  between  the 
ykrTS  and  ykrWXYZ  operons  and  could  be  thought  to  act  as  the  catalyst  for  the  last  step  in 
the  cycle.  However,  while  we  have  shown  that  the  ykrV  gene  product  will  convert  KMTB  to 
Met  using  glutamine  as  an  amino  donor,  it  does  not  act  in  this  capacity  under  the  conditions 
we  have  examined.  Perhaps  ykrV  plays  a  role  in  Met  recycling  under  specific  growth 
conditions  not  replicated  by  planktonic  growth  in  nutrient  broth  or  minimal  medium.  This 
aspect  of  ykrV  function  deserves  further  attention. 

As  seen  with  the  other  enzymes  previously  investigated  [10,1 1,13],  canaline  acts  as  an 
efficient  inhibitor  of  Met  regeneration  by  the  ybgE  gene  product  with  a  Ki  of  48  pM. 

However,  in  nutrient  broth,  B.  subtilis  growth  in  the  presence  of  5.0  mM  canaline  showed 
little  inhibition.  In  a  minimal  medium  containing  no  exogenous  Met,  cysteine,  or  protein, 
canaline  was  an  effective  inhibitor  of  B.  subtilis  growth  with  an  IC50  of  37  pM  and  an  MIC  of 
500  pM.  It  is  interesting  to  note  that  the  IC50  for  canaline  in  this  minimal  medium  is  very 
similar  to  the  Ki  for  canaline  against  ybgE,  suggesting  that  inhibition  of  this  enzyme  plays  a 
role  in  the  toxic  effect  of  the  drug.  The  lack  of  effect  of  canaline  against  B.  subtilis  in 
nutrient  broth  is  possibly  due  to  antagonism  by  exogenous  Met  or  binding  of  canaline  to 
exogenous  protein.  Experiments  are  currently  underway  to  define  the  lack  of  activity  in 
nutrient  broth  and  its  potential  implications  for  canaline  activity  under  physiological 
conditions. 

These  studies  were  undertaken  using  B.  subtilis  as  a  biochemical  model  for  B.  anthracis  due 
to  the  fact  that  B.  subtilis  has  a  completed  genome  sequence  and  is  also  non-pathogenic. 
Indeed,  B.  subtilis  has  been  used  regularly  as  a  spore  simulant  for  B.  anthracis  [49,50]. 

During  the  course  of  this  work,  a  >95%  complete  genome  sequence  was  publicly  released  for 
B.  cereus  (www.integratedgenomics.com).  In  addition,  a  genome  project  for  B.  anthracis  is 
nearing  completion  (www.tigr.org).  Therefore,  due  to  the  nearly  complete  genetic  identity  of 
B.  cereus  with  B.  anthracis  and  the  relatively  low  pathogenicity  of  B.  cereus ,  this  organism 
will  become  the  future  focus  of  model  biochemical  studies  in  this  laboratory. 
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Table  1.  Oligonucleotide  primers  used  for  amplification  of  the  genes  in  this  study.  Primers  in  both 
directions  contain  5’  sequence  complementary  to  the  ligation-independent  cloning  site  of  pCALnFLAG 

(Stratagene). 


GENE 

SEQUENCE 

ykrV  5’ 

G  ACG  ACG  ACAAG  AT  G  AA  ATTTG  AACAGT  CT  CAT  GT  A 

3' 

GG  AACAAG  ACCCGTTT  AT  AAGGT  CTT  GT  CAA 

ywfG  5’ 

GACGACGACAAGATGGAAATAACACCGTCCGATGTCA 

3’ 

GGAACAAGACCCGTTTAGCGGGATGTTTCTTGTAA 

yhdR  5’ 

G  ACG  ACG  ACAAG  ATGAA  ATT  GGCT  G  GGTT  AT 

3’ 

GGAACAAGACCCGTTTAGCGGGATGTTTCT 

yugH  5’ 

G  ACG  ACGACAAG  ATG  ACTT  CGT  ATTT  AT  CA 

3’ 

GGAACAAGACCCGTTCACCGCTCGGACCAAA 

patA  5’ 

G  ACG  ACG  ACAAG  ATGGAACATTT  GCT  G  AAT 

3’ 

GG  AACAAG  ACCCGTTTAAACGCCGTT  GTTT  A 

aspB  5’ 

GACGACGACAAGATGAAACTGGCAAAAAGAGTA 

3’ 

GGAACAAGACCCGTTTAGCTATGTTTTTCTACA 

ybgE  5’ 

G  ACG  ACG  ACAAG  AT  G  AAT  A  AGCTT  ATTGAACG  AG  AAA 

3’ 

GGAACAAGACCCGTTCACACTTCCACTGTCCAGTTAA 

ywaA  5' 

GACGACGACAAGATGACTAAACAAACAATTCGCGTTGA 

3' 

GGAACAAGACCCGTTTACTTGCTTTCAGTCAGCGCTGCG 
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Table  2.  Kinetic  characterisation  of  the  Bacillus  subtilis  BCATs.  The  enzymes  were  incubated  with 
varying  amounts  of  substrate  and  10  mM  cosubstrate  before  analysis  by  HPLC  as  described  in  the 

Materials  and  Methods  section. 


GENE 

PRODUCT 

SUBSTRATE 

COSUBSTRATE 

APPARENT  Km  (mM) 

APPARENT  Vmax 
(nmol/min/mg  protein) 

ybgE 

Leu 

KG 

3.99  ±0.75 

1.46  ±  0.12  xIO4 

Val 

KG 

2.82+1.55 

1.39  ±  0.29  x10J 

lie 

KG 

3.15  ±0.93 

1.66  ±  0.20  xIO4 

Leu 

KMTB 

2.78  ±  0.76 

1 .87  ±  0.14  x  103 

Val 

KMTB 

3.20  ±0.58 

2.03  ±  0.09  xIO3 

lie 

KMTB 

2.36  ±0.59 

1.84  ±  0.12  xIO3 

ywaA 

Leu 

KG 

3.04  ±  0.33 

103.09  ±26.27 

Val 

KG 

3.34  ±1.22 

48.49  ±  7.33 

lie 

KG 

4.83  ±1.33 

226.68  ±31.81 

Leu 

KMTB 

5.68  ±  0.39 

21.03  +  0.67 

Val 

KMTB 

ND 

ND 

lie 

KMTB 

2,11  ±0.94 

15.14  ±2.36 

ND  =  No  detectable  Met  production 
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List  of  sym bols/abbreviations/acronyms/initialisms 


Met 

methionine 

KMTB 

ketometh  iobutyrate 

KG 

ketoglutarate 

AspAT 

aspartate  aminotransferase 

TyrAT 

tyrosine  aminotransferase 

BCAT 

branched-chain  amino  acid  aminotransferase 

DAAT 

D-amino  acid  aminotransferase 

KynAT 

kynurenine  aminotransferase 
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